We study the relationship between galaxy colour, stellar mass, and local galaxy density in a deep near-infrared imaging survey up to a redshift of z ∼ 3 using the GOODS NICMOS Survey (GNS). The GNS is a deep near-infrared Hubble Space Telescope survey imaging a total of 45 arcmin 2 of the GOODS fields, reaching a stellar mass completeness limit of M * = 10 9.5 M ⊙ at z = 3. Using this data we measure galaxy local densities based on galaxy counts within a fixed aperture, as well as the distance to the 3 rd , 5 th and 7 th nearest neighbour. We compare the average rest-frame (U − B) colour and fraction of blue galaxies in different local densities and at different stellar masses. We find a strong correlation between colour and stellar mass at all redshifts up to z ∼ 3. Massive red galaxies are already in place at z ∼ 3 at the expected location of the red-sequence in the colour-magnitude diagram, although they are star forming. We do not find a strong correlation between colour and local density, however, there may be evidence that the highest overdensities are populated by a higher fraction of blue galaxies than average or underdense areas. This could indicating that the colour-density relation at high redshift is reversed with respect to lower redshifts (z < 1), where higher densities are found to have lower blue fractions. Our data suggests that the possible higher blue fraction at extreme overdensities might be due to a lack of massive red galaxies at the highest local densities.
INTRODUCTION
It is now well-established that the most massive galaxies formed very early in the history of the universe and are mainly in place in their present form by a redshift of z ∼ 1 (see e.g. Madau et al. 1996; Cimatti et al. 2004; Juneau et al. 2005; Conselice et al. 2007) , when the universe was only about half its present age. These massive galaxies largely stopped forming stars at redshifts z > 1, and their stellar populations subsequently for the most part evolved and reddened passively. The bulk of the star formation activity in the universe shifts to lower and lower mass galaxies as cosmic time proceeds (see e.g. Bauer et al. 2005; Bundy et al. 2006) . This mass dependent shift in star formation activity might be the basis of the observed bimodality in colour-magnitude space, where we see a population of old, passive, red galaxies following a relatively tight correlation between colour and magnitude, the so-called red se-at z ∼ 1.4 (see e.g. Cooper et al. 2006; Gerke et al. 2007) even at fixed stellar mass ).
We know that the bulk of star formation occurs in the early universe with half of the currently existing stellar mass already in place by z = 1 (Brinchmann & Ellis 2000; Drory et al. 2004; Pérez-González et al. 2008) . However, it is still unclear at which redshift the star formation rate density peaks and how it evolves at higher z. It is also unknown where most of the star formation happens in the early universe. Does the local SFR-density relation turn around by z ∼ 1, as reported by some authors (Elbaz et al. 2007; Cooper et al. 2008) , or is the local morphology-density relation already present early in the history of the universe (e.g. Pannella et al. 2009 )?
We also know that massive red galaxies exist at very high redshifts, but what are their typical environments? Are they already found preferentially at higher local densities like most red galaxies in the local universe (see e.g. Kauffmann et al. 2004 )? Can we witness their transformation from heavily star-forming to passively evolving galaxies, i.e. the build-up of the red sequence in the colour-magnitude relation? If so, when and where does it happen? Does the red sequence grow "inside-out", from the densest to the least dense regions, or is it the stellar mass that predominantly determines the evolutionary path of a galaxy?
In this study we intend to answer some of the above questions by investigating the relationship between galaxy colours, stellar mass and local densities in the early universe at z > 1. Recent high-z studies of the environmental influence on galaxy evolution have focused on investigating the presence of bright neighbours and the incidence of major merging (see e.g. Conselice et al. 2003 Conselice et al. , 2008b Bluck et al. 2009 ). To study the influence of local environment on a wider range of scales, including also other environment-related effects like minor merging or galaxy harassment, the depth of the survey is critical. Additionally, we want to disentangle the influence of environment and stellar mass, with a sample that is volume limited with the same stellar mass completeness limit at all colours and redshifts.
The sample we use in this study is drawn from the GOODS NICMOS Survey (GNS), a large Hubble Space Telescope survey of unprecedented depth, reaching galaxies ∼200 times less luminous than available from ground based near-infrared surveys. The GNS samples over two orders of magnitude in stellar mass with a stellar mass completeness limit of M * ∼ 10 9.5 M⊙ at z ∼ 3.
The paper is structured as follows: Section 2 presents the GNS survey and data, the sample selection and measurement of colours and stellar masses. Section 3 describes how we quantify galaxy environment, and Section 4 presents the results: the colour-magnitude relation as well as rest-frame colour and blue fraction as a function of stellar mass and local density. Section 5 summarises our conclusions. We use standard cosmological parameters (H0 = 70 km s −1 Mpc −1 , Ωm = 0.3, and ΩΛ = 0.7) and the AB magnitude system throughout the paper.
THE SAMPLE

The GOODS NICMOS Survey
The GOODS NICMOS Survey (GNS) is a 180 orbit Hubble Space Telescope survey consisting of 60 pointings with the NICMOS-3 near-infrared camera. Each pointing is centred on a massive galaxy (M * > 10 11 M⊙) in the redshift range 1.7 < z < 3, selected by their optical-to-infrared colours (see Conselice et al. 2010 ) from the GOODS (Great Observatories Origins Deep Survey) fields . GOODS is designed to compile deep observational data over two fields of about 320 arcmin 2 and a wide range of the electromagnetic spectrum, ranging from Chandra and XMM-Newton X-ray data, over Hubble Space Telescope (HST-ACS) optical imaging to Spitzer IRAC and MIPS observations in the infrared. The extensive imaging data is complemented by spectroscopic surveys using the Very Large Telescope (VLT) spectrographs FORS2 and VIMOS (Vanzella et al. 2005 (Vanzella et al. , 2006 (Vanzella et al. , 2008 Popesso et al. 2009 ) for the GOODS South field, and DEIMOS at the Keck Observatory to cover GOODS North (Barger et al. 2008) . The UVto-infrared photometric and spectroscopic data available in the GOODS South field are compiled by the FIREWORKS project (Wuyts et al. 2008) . In this study we use the optical HST-ACS imaging data ) and spectroscopic redshifts from all available spectroscopic surveys.
The positions of the 60 GNS pointings were optimised to contain as many massive galaxies as possible and are partly overlapping, covering a total area of about 45 arcmin 2 . The field of view of the NICMOS-3 camera is 51.2 × 51.2 arcsec 2 with a pixel scale of 0.203 arcsec/pixel. The single exposures were dithered to obtain a higher resolution of ∼0.1 arcsec/pixel. The PSF has a width of ∼0.3 arcsec FWHM. The data reduction is described in detail by Magee, Bouwens & Illingworth (2007) . A full description of the survey as well as the target selection will be given in Conselice et al. (2010) . The GNS is also described in Buitrago et al. (2008) , Bluck et al. (2009 ), Bluck et al. (2010 and Bauer et al. (submitted) .
Source detection and catalogue
cross-matching Sources are detected in the H-band images using SExtractor (Bertin & Arnouts 1996) . We use a 2 sigma threshold above the background noise and a minimum number of 3 adjacent pixels with values above this threshold. Magnitudes are measured using the MAG AUTO output parameter, which measures the flux in a Kron-like elliptical aperture, where the aperture is not fixed but depends on the light distribution of the galaxy. The flux within the aperture is then converted to magnitudes using the magnitude zeropoint of 25.17. The limiting magnitude reached at 5σ is HAB = 26.8. This is significantly deeper than ground based nearinfrared imaging of the GOODS fields done with ISAAC on the VLT, reaching a 5σ depth of HAB = 24.5 (Retzlaff et al. 2010) . Stars, and obvious spurious detections, were removed from the catalogue, yielding a total of 8298 galaxies in the final full catalogue. To obtain photometric redshifts, stellar masses and rest-frame colours, the NICMOS H-band Figure 1. Reliability of photometric redshifts: Top panels: photometric vs. spectroscopic redshifts using HYPERZ (left) and BPZ (right). Photometric redshifts with a high probability of P > 95% are circled in red. Bottom panels: ∆z/(1 + z) dependent on redshift. Black symbols show all redshifts, red symbols high probability redshifts only. The dashed lines show the limit for catastrophic outliers at |∆z/(1 + z)| > 0.3.
sources were matched to a catalogue of optical sources in the GOODS ACS fields. Photometry in the B, V , i and z bands is available for sources down to a limiting magnitude of BAB ∼ 28.2. The matching is done within a radius of 2 ′′ , however the mean separation between optical and Hband coordinates is much better with ∼ 0.28 ± 0.4 ′′ , roughly corresponding to the NICMOS resolution. We identify 1076 complete drop-outs in our H-band selected catalogue, i.e., galaxies that are detected in H-band, but have no counterpart in any of the ACS bands. This corresponds to a drop-out rate of 13%. The nature of these sources and a full analysis on the likelihood of some of them being z ∼ 7 galaxies is presented in Bouwens et al. (2010) .
Photometric redshifts
The photometric redshifts were obtained by fitting template spectra to the BV izH photometric data points. The degeneracy in color-redshift space is problematic, especially when few filters are available. To cope with this effect we used two different approaches: the standard χ 2 minimisation procedure, using HYPERZ (Bolzonella et al. 2000) and the Bayesian approach using BPZ (Benítez 2000) . The synthetic spectra used by HYPERZ are constructed with the Bruzual & Charlot evolutionary code (Bruzual & Charlot 1993) representing roughly the different morphological types of galaxies found in the local universe. We use 5 template spectra corresponding to the spectral types of E, Sa, Sc and Im as well as a single burst scenario. The reddening law is taken from Calzetti et al. (2000) . The photo-z code then computes the most likely redshift solution in the parameter space of age, metallicity and reddening. The best fit redshift and corresponding probability are then output together with the best fit parameters of spectral type, age, metallicity, AV and secondary solutions.
The Bayesian approach uses a similar template fitting method, apart from using empirical rather than synthetic template SEDs. The main difference though is that it relies not only on the maximum likelihood of the redshift solution in the parameter space as described above. Instead it uses additional empirical information about the likelihood of a certain combination of parameters, also called prior information. The redshift solution with the maximum likelihood is determined after weighting the probability of each solution by the additional probability determined from the prior information. In our case the prior is the distribution of magnitudes for the different morphological types as a function of redshift, obtained from the Hubble Deep Field North (HDF-N) Data (Benítez 2000) . In short, the code not only determines the best fit redshift and spectral type, but takes into account how likely it is to find a galaxy of that spectral type and magnitude at the given redshift.
To assess the reliability of our photometric redshifts we compare them to available spectroscopic redshifts in the GOODS fields. Spectroscopic redshifts of sources in the GOODS-N field were compiled by Barger et al. (2008) , whereas the GOODS-S field spectroscopic redshifts are taken from the FIREWORKS compilation (Wuyts et al. 2008) . We matched the two catalogues to our photometric catalogue with a matching radius of 2 ′′ , obtaining 537 spectroscopic redshifts for our sources in GOODS-N and 369 in GOODS-S, adding up to 906 redshifts in total. The mean separation between photometric and spectroscopic sources is 0.41 ± 0.06 arcsec in the GOODS-N field and 0.13 ± 0.05 arcsec in the GOODS-S field. The reliability of photometric redshift measures is usually defined as ∆z/(1 + z) ≡ (zspec − z phot )/(1 + zspec). In the following we compare the median offset from the one-to-one relation between photometric and spectroscopic redshifts, ∆z/(1 + z) , and the RMS scatter around this relation, σ ∆z/(1+z) .
We find good agreement between photometric and spectroscopic redshifts for both codes, however, HYPERZ is slightly better at identifying outliers by assigning low probabilities to their redshifts. The comparison between photometric and spectroscopic redshifts is shown in Figure 1 . The photometric redshifts of HYPERZ (left) and BPZ (right) are plotted against the spectroscopic redshifts available in the literature. High probability z phot are circled in red. The lower panel shows the ∆z/(1 + z) dependence on redshift zspec: there is no clear trend with redshift, with perhaps a slight trend to underestimate z at high redshifts. We obtain the following results for HYPERZ: when considering only high probability photometric redshifts (P > 95%), the median offset is ∆z/(1 + z) = 0.033, with a scatter of σ ∆z/(1+z) = 0.045 (356 out of 906 galaxies with P > 95%). Using all redshifts regardless of their probability, the median offset decreases to ∆z/(1 + z) = 0.011, while the scatter rises slightly to σ ∆z/(1+z) = 0.061. BPZ gives comparable offsets, but slightly higher scatters: ∆z/(1 + z) = 0.026 with a scatter of σ ∆z/(1+z) = 0.058 for high probability redshifts (792 out of 906) and ∆z/(1 + z) = 0.030 and σ ∆z/(1+z) = 0.064 for all galaxies. BPZ identifies more redshifts with a high probability than HYPERZ, however, they are not necessarily better than the low probability redshifts, as shown by the comparable scatter. Overall, the performance of HYPERZ is slightly better than that of BPZ. Figure 2 shows the dependence of ∆z/(1+z) on H-band magnitude. HYPERZ and BPZ results are plotted as circles and crosses respectively. Only galaxies in the redshift range of 1.5 ≤ z ≤ 3 are shown in this plot. The median offset and RMS scatter are computed in each magnitude bin and are plotted as big symbols (with corresponding errorbars) in red for the HYPERZ output and in blue for the BPZ output. The figure shows the slightly better performance of HYPERZ, which is also visible in the fraction of catastrophic outliers with |∆z/(1 + z)| > 0.3 (bottom panel of Figure 2 ). The redshift error is stable up to faint magnitudes of HAB ∼ 24, as is the fraction of outliers.
In the following we use the HYPERZ photometric redshifts, regardless of their probability. We use all probability redshifts since this gives us a much larger sample of galaxies with only a slightly higher scatter. We now investigate the performance of HYPERZ at different redshifts, at low redshift (z < 1.5) and in the redshift range of 1.5 ≤ z ≤ 3, which is the redshift range of the galaxy sample we use in this study. These are the values that are used in the Monte Carlo Simulations described in Section 3.3 to account for the photometric redshift errors. For the high redshift sample we obtain an average offset ∆z/(1 + z) = 0.06 and a RMS of σ ∆z/(1+z) = 0.10, with a fraction of catastrophic outliers of 20%. As above catastrophic outliers are defined as galaxies with |∆z/(1 + z)| > 0.3, which corresponds to ∼ 3 times the RMS scatter. Galaxies below z = 1.5 show a slightly lower, but still comparable scatter of σ ∆z/(1+z) = 0.08, however the outlier fraction decreases dramatically to only ∼ 2%.
The comparison of our results with photometric redshifts already available for the brighter part of our sample shows that our photometric redshifts are of comparable quality. Photometric redshifts taken from the FIREWORKS compilation have a median offset of ∆z/(1 + z) = −0.037 and a RMS scatter of σ ∆z/(1+z) ∼ 0.028, compared to ∆z/(1 + z) = 0.011 and σ ∆z/(1+z) = 0.061 for our full sample.
Stellar masses and rest frame (U − B) colours
The stellar masses and rest-frame colours we use are measured by multicolour stellar population fitting techniques, based on the same catalogue used for the photometric redshift measurements. Spectroscopic redshifts are used if available. A large set of synthetic spectral energy distributions (SEDs) is constructed from the stellar population models of Bruzual & Charlot (2003, BC03) , assuming a Salpeter initial mass function. The star formation history is characterised by an exponentially declining model with various ages, metallicities and dust extinctions. These models are parametrised by an age of the onset of star formation, and by an e-folding time such that
where the values of τ are randomly selected from a range between 0.01 and 10 Gyr, while the age of the onset of star for-mation ranges from 0 to 10 Gyr. The metallicity ranges from 0.0001 to 0.05 (BC03), and the dust content is parametrised by τv, the effective V-band optical depth for which we use values τv = 0.0, 0.5, 1, 2.
The model SEDs are then fit to the observed photometric datapoints of each galaxy using a Bayesian approach. For each galaxy a likelihood distribution for the stellar mass, age and absolute magnitude at all star formation histories described above is computed. We chose to compute rest-frame (U − B) colours, since the wavelength range of the U and B bands is covered best by the observed optical and H bands. The peak of the likelihood distribution is then adopted as the galaxy's stellar mass and absolute U and B-band magnitude, while the uncertainty of these values is given by the width of the distribution. The rest-frame (U − B) colours are obtained by subtracting the two absolute magnitudes. While parameters such as age, e-folding time and metallicity are not accurately fit due to various degeneracies, the stellar masses and colours are robust. From the width of the probability distributions we determine typical errors for our stellar masses of 0.2 dex. There are additional uncertainties from the choice of the IMF and due to photometric errors, resulting in a total random error of our stellar masses of ∼0.3 dex, roughly a factor of two.
We do not probe with our filters redder than roughly the rest-frame B-band at z ∼ 3 in our measurements of stellar masses. The reason for this is similar to our reasons for not using longer wavelength data for the photometric redshiftsessentially there is no data redder than the H−band which has the same fidelity and depth as the BV izH bands we use in this paper. The K-band data available from the ground is no where near as deep as the H−band NICMOS data. While we have IRAC data for our sources, we do not use these data due to the PSF issues and contamination from neighbouring galaxies. Furthermore, the rest-frame B-band gives us a good anchor for measuring stellar masses, as is shown by e.g., Bell & de Jong (2001) at lower redshifts, and Bundy et al. (2006) for higher redshifts.
There is also a question as to whether or not our stellar masses are overestimated by the choice of stellar population models used. It has been argued by Maraston et al. (2006) , among others, that the Bruzual & Charlot (2003) models we use here can result in stellar masses that are too high by a factor of a few due to how thermal-pulsating AGB stars are treated. While we consider random uncertainties of a factor of two in our stellar masses, it is worth investigating whether or not our stellar masses could suffer from a systematic bias. Maraston et al. (2006) have determined that galaxy stellar masses computed with an improved treatment of TP-AGB stars are roughly 50-60% lower. However, the effect of TP-AGB stars is less important at the rest-frame wavelengths we probe than it is at longer wavelengths, especially in the rest-frame IR. Our sample is selected in the H-band, which corresponds roughly to rest-frame R-band at z ∼ 1.5 and approximately rest-frame B-band at z ∼ 3, where the effects of TP-AGB stars are negligible, as shown in previous work using similar data and the same stellar mass code (Conselice et al. 2007 ). In this earlier study the effect of TP-AGB stars was tested on a sample of massive galaxies by using the newer Bruzual and Charlot (in preparation) models, which include a new TP-AGB star prescription. From this we find that stellar masses are on average 0.07 dex smaller than the ones calculated with the BC03 models. This systematic error is however much smaller than both the random error we assume (0.3 dex), and the cosmic variance uncertainties, and thus we conclude it is not a significant factor within our analysis.
Colour and completeness limits of red and blue galaxies
To investigate the different behaviour of red and blue galaxies we split the sample into red and blue populations by their location in the colour-magnitude diagram. Due to the low number of galaxies in our sample and the lack of accurate spectroscopic redshifts for the majority of objects, we do not attempt to fit the red sequence of the colour-magnitude relation in this study. Instead we evolve the red sequence found at lower redshift back in time as expected from the passive colour evolution of an old stellar population. This procedure is valid due to the high formation redshift (z > 3) of red sequence galaxies in stellar population models. After the star formation has stopped, the stellar populations of these galaxies are supposedly ageing (=reddening) quickly and subsequently evolving passively (van Dokkum & Franx 2001) . We take the red sequence of galaxies in the DEEP2 redshift survey at z ∼ 1 (Willmer et al. 2006 ), converted to AB magnitudes:
and evolve it back with redshift according to van Dokkum & Franx (2001) . The separation between the narrow red sequence and the diffuse blue cloud was found to be present up to at least z ∼ 1.4 (Willmer et al. 2006) , with a separation between the two populations of 0.25 magnitudes. We adopt this colour limit of 0.25 mag blueward of the red sequence to separate between red and blue galaxies. We compute the expected completeness limits for red and blue galaxies from the 5σ magnitude limit of the GNS (see Section 2.2) and the mass-to-light ratios (M/L) of simple stellar populations (SSP) assuming a galaxy as old as the universe at each redshift of interest who formed all of their stars in one initial burst. For this purpose M/L at the restframe wavelength corresponding to the observed H-band at z ∼ 3 is determined for different SSPs using the models of Worthey (1994) . To obtain the limiting stellar mass, the M/L is then multiplied with the luminosity corresponding to a z = 3 galaxy at the detection limit of HAB = 26.8. To compute the completeness limit for red galaxies we use an evolved SSP with an age of 2 Gyr, corresponding to the age of the universe at z ∼ 3. A young SSP with an average age of 1 Gyr is used to obtain the limiting stellar mass for the blue galaxy population. We obtain limiting stellar masses of M * = 10 8.9 M⊙ for blue galaxies and M * = 10 9.2 M⊙ for red galaxies respectively at z = 3.
In Figure 3 we plot stellar mass versus redshift z for blue and red galaxies, as defined above. The dashed magenta line shows the completeness limit of log M * = 9.5 at the upper redshift limit of z = 3 (dotted line) we adopted in this study. The completeness of blue galaxies at a given stellar mass is higher than for red galaxies, which are more difficult to detect at high z due to the shape of their SED. However, since we want to compare red and blue galaxy Figure 3 . Distribution of stellar masses (log M * ) with redshift z for red galaxies (red big circles) and blue galaxies (blue small circles). The adopted completeness limit of log M * = 9.5M ⊙ (at z = 3) is shown as dashed line. The limits of the redshift range used in this study are marked with dotted lines. The resulting window in redshift and stellar mass containing the galaxy sample we use in the following is given by the thick solid lines.
populations we have to make sure that our sample is not biased towards blue galaxies at high z, and we therefore use the conservative stellar mass cut of log M * = 9.5. The colour dependent completeness limits and mass functions of red and blue galaxies in the GNS are further investigated by Mortlock et al. (submitted) , who find similar completeness limits.
In this study we will focus on the redshift range of 1.5 < z < 3, which provides a co-moving survey volume of ∼ 2.3 × 10 5 Mpc 3 , minimising the effects of cosmic variance. The cosmic variance associated with a certain co-moving volume depends on the clustering strength of the objects and can be roughly estimated from the average galaxy number density and the expected variance of dark matter halos at a certain redshift (Somerville et al. 2004 ). For the co-moving volume of the GNS within the redshift range of 1.5 < z < 3, and at the average stellar mass of galaxies in the survey, we expect the influence of cosmic variance to be less than 10%. The final galaxy catalogue we use in the following comprises 1289 galaxies down to a stellar mass of log M * = 9.5 within the redshift range of 1.5 < z < 3.
GALAXY ENVIRONMENTS
In this study we investigate the environment of each galaxy by computing projected local number densities. We use two different methods to derive local densities: (1) the aperture density, based on galaxy counts in a fixed physical aperture and (2) the nearest neighbour density, based on the distance to the 3 rd , 5 th and 7 th nearest neighbour. For both methods we use a redshift interval of ∆z = ±0.25 to minimise the contribution of foreground or background objects. As for the stellar masses and rest frame colours, spectroscopic redshifts are used to determine these properties, if available. The two methods are described in more detail in the following section.
Fixed aperture densities
The fixed aperture densities are measured by counting neighbouring galaxies within a fixed physical radius (or aperture) and redshift interval. The fixed physical radius was chosen to be 500 h −1 kpc, which is roughly the size of a single GNS pointing at z = 1.5 − 3. The number of objects within 500 h −1 Mpc co-moving radius at a galaxy's distance and within ∆z = ±0.25 is computed for each galaxy, yielding the surface density ΣAP in galaxies per Mpc 2 . Edge effects are a major issue due to the design of the GNS, since it does not have a continuous survey area, and edges are encountered frequently. The radius of 500 h −1 kpc is not covered for all galaxies, especially for galaxies close to the edges of isolated, non-overlapping pointings, since the field of view of a single pointing covers about 500 kpc at z > 1.5. To account for the area lost due to survey edges we approximate the surveyed area around each galaxy by the number of image pixels within the aperture, which are actually covered by the observations. ΣAP is then normalised by the number of pixels within the aperture. This procedure effectively accounts for differences in aperture area due to galaxies being close to survey edges. The normalisation however does not account for variations with redshift due to differences in depth and resolution. To account for those differences we divide each galaxy number density by the median density (denoted by the angled brackets) of all galaxies within a redshift slice of ∆z = ±0.25 centred on the galaxy. This then gives the relative overdensity
where ρ is the overdensity, i.e. the density excess over the median density. Using the logarithm of (1 + ρ) divides the sample in under-and over-dense environments relative to the average density, where by definition log (1 + ρ) = 0.
Nearest neighbour densities
Nearest neighbour densities are widely used in the literature to characterise local galaxy environment. The best choice of the number of neighbours to count, n, is open to debate, and depends on the characteristics of the sample and the survey. Values from n = 3 (Cooper et al. 2006 ) up to n = 10 (Dressler 1980) have been used in different studies, depending on the size and mass of the structure that is investigated. A high n is suited for high-mass and high density areas like galaxy clusters, whereas in low density environments a high n measures the distance to other structures rather than characterising the local galaxy density, and therefore a smaller n should be used. However, Cooper et al. (2005) argue that the choice of n does not change the resulting densities significantly. In this study we measure third, fifth and seventh nearest neighbour densities and compare the results in Section 4.1. To account for edge effects a similar technique as used for the aperture densities described above is employed. First, the distance to the third, fifth and seventh nearest galaxy, D3, D5 and D7, within the redshift interval of ∆z = ±0.25 is computed for each galaxy. Then, we count the number of image pixels within the area πD 2 n to approximate the covered area around each galaxy. Since the number of pixels within πDn (N pixels (Dn)) is directly proportional to the covered area, it can be used instead of πD 2 n to compute the surface density Σn = n/N pixels (Dn). This gives Σn in arbitrary units, which is ideal for our purposes, since we are only interested in relative densities and Σn is normalised by the median value in each redshift slice, Σn ∆z. The nearest neighbour density in units of a relative overdensity is then given by:
where δn itself is the overdensity and n has the values of 3, 5 and 7 respectively. Analogue to the nearest neighbour density we use log (1 + δn) to distinguish between underdense (log (1 + δn) < 0) and overdense (log (1 + δn) > 0) environments.
Monte Carlo simulations
To estimate the reliability of the local density estimates we perform a set of Monte Carlo simulations. The main source of uncertainty for the local densities are the uncertainties of the photometric redshifts (see e.g. Cooper et al. 2005 ), leading to a blurring and loss of information along the line of sight. We therefore randomise the photometric redshift input according to the ∆z/(1 + z) error obtained by the comparison with available secure spectroscopic redshifts in Section 2.3 and repeat the computation of the local density with the new photometric redshift input. For this purpose we take the typical photometric redshift error ∆z/(1+z) = 0.10 in our redshift range of 1.5 ≤ z ≤ 3 and assume a Gaussian distribution of errors, where the width of the distribution σ corresponds to ∆z/(1 + z). For each galaxy a random value is selected within this distribution, which is then added to the measured photo-z. Galaxies outside our redshift range of interest are included in the randomisation to account for scattering in and out of the redshift range we use. Those galaxies obtain an added value according to the respective ∆z/(1 + z) in their redshift range. We compute an average ∆z/(1 + z) = 0.08 for galaxies with redshifts lower than our range of interest (z < 1.5) and an average ∆z/(1 + z) = 0.1 for all galaxies with redshifts higher than the range we use in this study (z > 3). Catastrophic outliers are accounted for by randomly adding much larger offsets to the original redshifts of the percentage of galaxies corresponding to the fraction of catastrophic outliers, which is calculated from the comparison with secure spectroscopic redshifts. Galaxies with |∆z/(1 + z)| > 0.3 are treated as catastrophic outliers here. The offsets are randomly picked from the interval 0.3 < ∆z/(1 + z) < 1 and added or subtracted from the original redshift.
Following the above procedure we obtain a randomised photometric redshift input catalogue accounting for the average redshift uncertainty within the redshift range of interest as well as for the respective fraction of catastrophic outliers. It also accounts for scattering galaxies in and out of the redshift range we use in this study (1.5 < z < 3). The catalogue of randomised photometric redshifts is then used to recompute the local densities, aperture and nearest neighbour densities, as described above. The whole procedure is repeated 100 times, obtaining 100 randomised local density estimates, from which we then compute the average local density uncertainty. The local density error for each individual galaxy is given by the standard deviation of all Monte Carlo runs. These individual errors are then averaged to obtain an average uncertainty of the respective local density estimator. We obtain the following average uncertainties for the different local density estimates: ∆ log (1 + δ3) = 0.24, ∆ log (1 + δ5) = 0.21, ∆ log (1 + δ7) = 0.18 for the three nearest neighbour densities and ∆ log (1 + ρ) = 0.20 for the aperture density. These values of around 0.2 dex show the we can measure local densities with roughly the same or even slightly better accuracy than stellar masses (see Section 2.4). The results of the Monte Carlo simulations are also discussed in the context of the relations between colour density and stellar mass in the following sections, and are shown in the respective figures.
RESULTS
In the following we first discuss the correlations between the local galaxy densities log (1 + δn) and log (1 + ρ). We then investigate the colour-magnitude relation in bins of stellar mass and bins of local density, and show the behaviour of rest-frame colour (U − B) and blue fraction of galaxies as a function of both local density (log (1 + δ3)) and stellar mass (log M * ). Additionally, we test differences between galaxy properties in the high and low quartiles of the local density and stellar mass distributions respectively. We focus on the redshift range of 1.5 ≤ z ≤ 3, which has a reasonable surveyed volume and stellar mass completeness down to log M * = 9.5.
Galaxy local densities
As described above two different methods were used to estimate local galaxy densities, the fixed aperture density, (1 + ρ), and the 3 rd , 5 th and 7 th nearest neighbour density, (1 + δ3), (1 + δ5) and (1 + δ7). Figure 4 , left panel, shows the distribution of the different measures of relative overdensities: log (1 + ρ) is plotted as a black dashed-dotted line and log (1 + δn) as a green solid line (n = 3), red dotted line (n = 5) and blue dashed line (n = 7). The figure shows the different dynamical range of the four methods: the nearest neighbour densities log (1 + δn) cover a wider range of relative densities, especially at the high density end. The 3 rd nearest neighbour density has the widest range, since it is most sensitive to density variations on very small scales. The standard deviation of the log (1 + ρ) distribution is ∆ log (1 + ρ) = ±0.26, while ∆ log (1 + δ3) = ±0.39. The good overall agreement between the four methods is shown in the right panel of Figure 4 , where log (1 + δn) is plotted against log (1 + ρ). The different symbols used are Histogram of nearest neighbour densities log (1 + δn) in green (n = 3), red dotted (n = 5) and blue dashed (n = 7) and fixed aperture density log (1 + ρ) in black, dashed-dotted line. Right panel: log (1 + δn) versus log (1 + ρ). Nearest neighbour densities are plotted as green crosses (n = 3), red circles (n = 5) and blue triangles (n = 7) respectively. The solid line is the one-to-one relation.
green crosses (n = 3), red circles (n = 5) and blue triangles (n = 7), while the one-to-one relation is shown as a black solid line. The four density estimates agree well on average, with an average spread of ∼ 0.2 − 0.3 dex. This scatter reflects the average uncertainty of the local density measurements of ∼ 0.2 dex obtained by the Monte Carlo simulations described in Section 3.3. However, it also shows that the different methods trace galaxy environment on different scales and are not necessarily comparable. The different sensitivity of the different values of n is visible at the low density end, where the higher n traces the average densities on larger scales, rather than local underdensities, which we are interested in. At densities above log (1 + ρ) ∼ −0.5 the four methods agree best on average, while the higher sensitivity of densities measured with lower n towards galaxy concentration on small scales becomes visible: high relative overdensities measured with n = 3 (green crosses in Figure 4 ) are partly recovered by n = 5 but not detected using n = 7 or the fixed aperture density. The n th nearest neighbour density is by construction a better tracer of the extremes in the local density distribution, since it uses an adaptive area and therefore is sensitive to galaxy concentrations at very small scales, that the fixed aperture cannot probe. The lower the value of n, the more sensitive the density measure is to local galaxy concentrations on small scales. These very local galaxy concentrations however are potentially influencing the evolution of a galaxy dramatically via merging or galaxy interactions.
In the following we use the 3 rd nearest neighbour density log (1+δ3) as a local density estimator, since -although it has slightly larger uncertainties than the other density estimates (see Section 3.3) -it has a wider dynamical range and higher sensitivity to the most underdense and overdense environments and is therefore a better probe of the local environment.
The colour-magnitude relation at different stellar masses and local densities
In the following we investigate the colour-magnitude relation of the GNS sample in different redshift ranges. We investigate if the red sequence is already present at z > 1.5 and if it is populated by high or low-mass galaxies. Additionally we examine if the build-up of the red sequence preferentially takes place in a certain environment. For this purpose the sample is split up in four stellar mass bins and four local density bins. Figure 5 shows the (U − B) -MB colour-magnitude relation (CMR) in three different redshift bins: 1.5 < z < 2, 2 < z < 2.5 and 2.5 < z < 3. In the three top panels the sample is split in 4 stellar mass bins with a bin size of 0.5 dex; the symbols are shaped and sized according to the galaxy's stellar mass: larger symbols represent higher stellar mass galaxies. In the three lower panels the sample is split in bins of local density with a bin size of 0.6 dex. Here, larger symbols correspond to galaxies located in higher overdensities. The red solid lines indicate the expected location of the red sequence observed at z ∼ 1, and evolved passively back in time according to the models of van Dokkum & Franx (2001) , as described in Section 2.5. The blue long-dashed lines is the border to the blue cloud, defined as being 0.25 magnitudes bluer than the red sequence (see Section 2.5).
The different slices in stellar mass are clearly separated in colour-magnitude space. The separation is perpendicular to the red sequence, and the distance from the expected red sequence increases with decreasing stellar mass. The differ- Figure 5 . Colour-magnitude relation in three redshift ranges, divided in bins of stellar mass (top panels) and local density (bottom panels). The symbols are shaped and sized according to the stellar mass bin (top) and density bin (bottom) in which the galaxy lies. The larger symbols correspond to higher stellar mass in the top panel, and to higher overdensity in the bottom panel. Top panels: CMR in different stellar mass bins: 9.5 < log M ⊙ < 10 (open circles), 10 < log M ⊙ < 10.5 (crosses), 10.5 < log M ⊙ < 11 (stars), and log M ⊙ > 11 (solid squares). Bottom panels: CMR in different local density bins: log (1 + δ 3 ) < −0.4 (open circles), −0.4 < log (1 + δ 3 ) < 0.2 (crosses), 0.2 < log (1 + δ 3 ) < 0.8 (stars), and log (1 + δ 3 ) > 0.8 (solid squares). The expected location of the red sequence at the respective redshift is shown as red solid line, while the limit to the blue cloud below which a galaxy is considered blue is plotted as blue long-dashed line.
ent slices in local density on the other hand are not well separated in colour-magnitude space. The relation between colour and local density is much weaker than the relation between colour and stellar mass. This subject is further discussed in Section 4.3.
As can be seen, massive red galaxies are already present at a redshift of 2.5 < z < 3, when the universe was only ∼2 Gyrs old. The location of these galaxies in the colourmagnitude diagram is consistent with the location expected from passively evolving back the red sequence found at z ∼ 1 (see above). At z > 2.5 this region in colour-magnitude space is populated mainly by the most massive galaxies (log M * > 11), while at lower z the range of galaxies on or close to the red sequence extends towards lower mass galaxies. Note that these most massive galaxies are mostly star-forming (Bauer et al., submitted) and not "red and dead" as their location in the colour-magnitude diagram close to the red sequence might suggest.
Galaxies close to or on the location of the red sequence span a wide range of local densities, and there is no clear preference for a certain environment, however, we do not see red galaxies uniquely located in the most overdense regions. This is opposite to what was found at lower redshifts up to z = 1 (see e.g. Grützbauch et al. 2010) and might hint at an inversion of the colour-density relation at high z, as discussed later in this paper (Section 4.3 and Section 4.5).
Clear evolution in MB is seen for the galaxies on or close to the expected red sequence, while the blue cloud remains basically unchanged. Part of this evolution, as well as the lack of low-mass galaxies at high z may be due to the fact that faint red galaxies become more difficult to detect with high z than faint blue galaxies and we might miss some low surface brightness, low-mass red galaxies in our sample. However, the mass limit we adopt in this study is very conservative and our sample should not be affected by colourdependent incompleteness. A more detailed discussion on the stellar mass completeness and stellar mass functions for blue and red galaxies will be presented in Mortlock et al. (submitted).
Colour-mass and colour-density relations
A strong relation between rest-frame colour and stellar mass and the apparent lack of a strong relation between colour and local density was found in the colour-magnitude relation in the previous section. We now investigate these correlations in more detail. The same redshift ranges as already used for the analysis of the colour-magnitude relation are used here: 1.5 < z < 2, 2 < z < 2.5 and 2.5 < z < 3. To quantify the correlation between two variables we compute Spearman rank correlation coefficients R. The value of R ranges between −1 ≤ R ≤ 1, where R = 1 (R = −1) means that two variables are perfectly correlated (anti-correlated) by a monotonic function. Completely uncorrelated variables result in R = 0. Taking into account the sample size in each bin we estimate the significance of the value of R using the conversion from correlation coefficient to z-score (Fieller et al. 1957 ). Figure 6 , shows rest-frame (U − B) colour (top) and the fractions of blue and red galaxies (bottom) as a function of stellar mass in three redshift bins. The correlation between (U − B) colour and stellar mass log M * is highly significant at all redshifts. Spearman rank correlation coefficients in the three redshift bins range between 0.7-0.8, corresponding to a significance of ∼ 6σ at all redshifts. The colour-mass relation also does not appear to evolve strongly with redshift. The cross-over mass, i.e. the stellar mass at which there is an equal number of red and blue galaxies, stays roughly constant at log M * ∼ 10.8. This is the same cross-over mass found at lower redshifts 0.4 < z < 1 . Note that in the computation of blue and red galaxy fractions we account for the passive reddening of galaxy colours with redshift (see Section 2.5).
The fraction of blue galaxies over all stellar masses evolves with redshift from f blue ∼ 0.95 at z ∼ 3 to f blue ∼ 0.55 at z < 1. Notice that the fading and reddening expected from passive evolution of a galaxy's stellar population is already accounted for in the definition of red and blue galaxies at each redshift. Combining this with the above considerations of almost no evolution in the colour-stellar mass relation, the colour evolution is mainly taking place at low stellar masses of log M * < 10.5. The population of more massive galaxies already comprises a similar fraction of red galaxies at high redshifts up to z ∼ 3 compared to z < 1.
The left panel of Figure 7 shows the relation between (U − B) colour (top row) and the fraction of blue and red galaxies (bottom row) as a function of relative overdensity log (1+δ3). We do not find a significant correlation between colour and overdensity in the data. There is, however, a possible trend for a higher fraction of blue galaxies (∼ 100%) at the highest overdensities (log (1 + δ3) > 0.8) at all redshifts, where as the blue fraction at intermediate and low densities is around 80-90%. The trend of a lack of red galaxies at high overdensities noticed in the CMR in Figure 5 is visible, but not significant due to the low number of galaxies at high overdensities.
To further check the significance of the higher fraction of blue galaxies at high overdensities we use Monte Carlo simulations. We perform 100 Monte Carlo runs based on the randomised photometric redshift input as described in Section 3.3. The scatter between the individual runs represents the uncertainties in the local densities due to the photometric redshift error. The right panel of Figure 7 shows the result of the simulations. The average colour (top panels) and fraction of blue and red galaxies (bottom panels) as a function of local density in each Monte Carlo run is plotted. The large scatter in the high density end due to the low number of galaxies in extreme overdensities becomes visible.
Although, above densities of log (1 + δ3) > 0.8, and at all redshifts, the vast majority of Monte Carlo runs show a blue fraction of 100%, whereas at lower densities the blue fractions vary between 85-90%. The average and RMS of all Monte Carlo runs at log (1+δ3) < 0.8 shows an average blue fraction of 85±2% in the two lower z bins and 90±2% in the high z bin. At the highest densities the average blue fraction is 95±13%, however, the distribution of average blue fractions at the highest overdensities is not Gaussian and the standard deviation does not represent the distribution adequately. To estimate the probability that the difference between high and low density is caused by chance, we consider the number of times a Monte Carlo run gives a blue fraction at the highest densities which is lower than the average value plus 3σ at lower densities. In the lowest redshift bin about 90% of Monte Carlo runs result in f blue > 90%, giving a ∼ 10% probability that the difference between highest and lower densities is caused by chance. The intermediate and high redshift bin have a probability of ∼ 15%.
We conclude that the colour-density relation at z > 1.5 is practically not existent or very weak. If a trend with local density persists it must be very minor, with a variation of the average (U − B) colours of less than ∼0.1 magnitudes between relative local densities that differ by a factor of 100. There could be an environmental influence on the blue fractions of galaxies in the most extreme overdense environments. This difference in blue fractions amounts to about 10% and is not detectable at a statistically significant level with the low number of galaxies in our sample located at the highest overdensities (33 galaxies at log (1 + δ3) > 0.8 between 1.5 < z < 3). 
Galaxy properties in the high and low quartiles of density and mass distribution
In the following we compare the properties of galaxies in the low and high quartiles in the distribution of local density and stellar mass, i.e. 25% of galaxies at each extreme respectively. The high quartile of local density corresponds to galaxies located in overdense regions of log (1 + δ3) > 0.22, while the low quartile corresponds to underdense regions of log (1 + δ3) < −0.23. The stellar mass distribution has its low quartile at log M * < 9.7 and the high quartile at log M * > 10.5. After dividing the sample into low and high quartiles a Kolmogorov-Smirnov (K-S) test between the different quartiles is used to investigate the statistical difference of the two subsamples. To increase the number statistics we consider the full redshift range of our sample at 1.5 ≤ z ≤ 3, instead of binning into the three redshift ranges used above. The stellar mass limit is kept at log M * = 9.5, as above. The K-S test gives the probability P low,high that the galaxy properties in the low and high quartile come from the same parent distribution. The statistical differences we find over the whole redshift range (1.5 ≤ z ≤ 3) can be summarised as:
(1) galaxies in the low and high quartile of the local density distribution have marginally different colours (P low,high = 0.05, i.e. ∼ 2σ) but not statistically different stellar masses (P low,high = 0.12, i.e. < 2σ); and (2) galaxies in the low and high quartile of the stellar mass distribution have statistically different colours (P low,high < 0.0001, i.e. > 3σ), as well as marginally different local densities (P low,high = 0.02, i.e. > 2σ).
Although the differences between the low and high stellar mass quartiles are much clearer than the differences in the local density quartiles, there is a difference at the 2 σ confidence level between the colours of galaxies in over and under-dense environments. We further investigate the reliability of this result by using the Monte Carlo simulations described in Section 3.3.
In Figure 8 and Figure 9 we plot galaxy properties in the low and high quartiles of local density and stellar mass distribution, respectively, as a function of redshift. The results of each of the 100 Monte Carlo runs are plotted as a single line. Figure 8 shows the median (U −B) colour, blue fraction and median stellar mass in each redshift bin (∆z = 0.25) in the low quartile (blue) and high quartile (red) of local densities. Figure 9 shows median (U −B) colour, and two different densities (fixed aperture density log (1 + ρ) and third nearest neighbour density log (1 + δ3)) in the low (blue) and high quartile (red) of stellar mass. The average of all Monte Carlo runs in each redshift slice is overplotted as big symbols, blue circles for the low quartile and red triangles for the high quartile. Figure 8 shows that there is barely any difference in colour, blue fraction or stellar mass between the low and high quartile of local density. We may see evidence for a weak trend of a lower blue fraction at high densities emerging at z < 2.2, as well as a correspondent peak in the average stellar mass in the high density quartile, which is probably responsible for the positive correlation found from the K-S test on the data described above. However, we conclude that we lack the number statistics to reliably confirm the presence Figure 8 . Colour, blue fraction, and stellar mass in the high and low quartiles of the local density distribution (log (1 + δ 3 )). The high quartile corresponds to log (1 + δ 3 ) > 0.22, the low quartile to log (1 + δ 3 ) < −0.23. Each line is the result of one Monte Carlo run. The average and RMS of all Monte Carlo runs in each redshift slice of 0.25 is overplotted as big symbols. Red lines and triangles correspond to the high density quartile, while blue lines and circles correspond to the low quartile of the density distribution. The magenta straight line in the bottom panel indicates the distinction between red and blue galaxies at M B = −21.5, calculated from evolving back the red sequence as described in Section 2.5.
of a difference between low and high density quartile and that our data is consistent with there being no difference.
Note however that the lack of a clear separation between the low and high density quartiles does not contradict the results from the colour-density relation in Section 4.3, where we possibly see evidence for a higher blue fraction in the most overdense environments above log (1 + δ3) ∼ 0.8. The high density quartile includes all galaxies at densities above log (1 + δ3) ∼ 0.2 and does not comprise the extreme overdensities only, in which we see the higher blue fraction. Since there is no relation with local density at densities below log (1 + δ3) ∼ 0.8, we do not see any difference between the colours of galaxies in the low and high quartile of the density distribution.
We conclude that in the redshift range of 1.5 ≤ z ≤ 3 the highest local overdensities (log (1 + δ3) > 0.8, i.e., an overdensity of roughly a factor of 5) possibly show a higher fraction of blue galaxies. At densities below log (1 + δ3) ∼ 0.8 there is no correlation between rest-frame colours or fraction of blue galaxies with local density. This finding is different from the colour density relation found at lower redshifts (up to z ∼ 1.4), where higher density environments show a higher fraction of red galaxies (e.g. Cooper et al. 2006; Cucciati et al. 2006; Cassata et al. 2007; Pannella et al. 2009; Tasca et al. 2009; Iovino et al. 2010; Grützbauch et al. 2010 ). Figure 9 shows two different local densities log (1 + δ3) and log (1 + ρ) and (U − B) colour in the low and high quartiles of the stellar mass distribution. The high quartile includes galaxies with log M * > 10.5 (red), while the low quartile corresponds to log M * < 9.7 (blue). There are strong differences in the rest-frame colour distributions of low-and high-mass galaxies at all redshifts. As already investigated in the previous section, high-mass galaxies have consistently redder colours (∆(U − B) ∼ 0.4 magnitudes). These differences are highly significant. The colour difference of ∼0.4 mag between the high-and low-mass quartile appears constant with redshift up to z ∼ 2.8. The magenta Figure 9 . Local density (log (1 + δ 3 ) and log (1 + ρ)) and (U − B) in the high and low quartiles of the stellar mass distribution. The high quartile corresponds to log M * > 10.5 (red), and the low quartile to log M * < 9.7 (blue). Symbols and lines are the same as in Figure 8 .
line in the colour panel of Figure 9 shows the distinction between red and blue galaxies calculated from the red sequence at z ∼ 1 evolved back in time assuming passive evolution of the stellar populations (see Section 2.5). It corresponds to the position of the blue line at MB = −21.5 in the colourmagnitude diagrams in Figure 5 . At a redshift of z ∼ 2.8 the median colour of the high mass quartile decreases slightly towards the region occupied by the blue cloud. However, a similar decrease is seen at redshifts below z < 1.5 and is probably caused by the target selection of the GNS, which favours the inclusion of very massive red galaxies between 1.7 < z < 3 in our sample. This could slightly bias the average colour of massive galaxies towards redder colours within this redshift range.
We see slight evidence for a mass segregation emerging at z ∼ 1.8, where more massive galaxies tend to be located preferentially in high density areas (see Figure 9 ). This tentative result is consistent with what is found at lower and intermediate redshifts, where more massive galaxies tend to be located in high density environments (see e.g. Grützbauch et al. 2010 ). (2010)) have suggested that the observed colour-density relation is mainly caused by the strong correlation between rest-frame colour and stellar mass. This also requires the presence of a stellar mass-density relation, such that higher mass galaxies are preferentially located in regions of higher overdensity. We indeed find a weak trend for this behaviour, emerging at z < 1.8, at a significance of ∼ 2σ (see Figure 9 ). This is roughly consistent with the extrapolation of a similar weak positive correlation between stellar mass and local density found at z < 1 by Grützbauch et al. (2010) , which seems to get steeper and more significant with decreasing redshift.
Another question is if the higher fraction of blue galaxies in high overdensities (see Section 4.3) is due to a trend in stellar mass. To answer this question we investigate the colour-stellar mass relation and the colour-density relation in quartiles of local density and stellar mass respectively. Figure 10 shows the colour-density relation in high and low stellar mass quartiles. The same high and low quartiles of local density and stellar mass are used as described above (Section 4.4). As in Figures 8 and 9 we plot the results of each Monte Carlo run as well as the average and RMS of all runs instead of the measured data. The whole redshift range of 1.5 < z < 3 is shown in Figure 10 .
To compare our result with the colour-density and colour-stellar mass relations at lower redshift we use the data of Grützbauch et al. (2010, G10 hereafter) . This sample is based on a deep near-infrared survey (the POWIR survey, Conselice et al. (2008a) ) and spectroscopic redshifts from the DEEP2 redshift survey (Davis et al. 2003) . The local densities and colours are measured in a similar way as in the present study. We split the G10 sample in high and low quartiles of local density and stellar mass as described above. The data covers the redshift range 0.4 < z < 1. The median (U − B) colours of this sample are overplotted as big symbols: dark red boxes are used for the high quartile and dark blue pentagons for the low quartile of the POWIR sample data-points respectively.
The left panel of Figure 10 shows that the strong correlation between (U − B) and log M * is present in both, high (red) and low (blue) density quartiles. The relation is very similar in both density quartiles. The colour-stellar mass relation at lower redshifts of 0.4 < z < 1 (squares and pentagons in Figure 10 ) is remarkably similar to the colourstellar mass relation in the GNS data (triangles and circles), with a similar slope and a slightly larger colour difference between low and high local density quartiles (∆(U −B) ∼ 0.15 mag). At the high mass end low z galaxies have redder average colours than galaxies of the same stellar mass at high z. The colours of log M * ∼ 10.5 galaxies at 1.5 < z < 3 are indistinguishable from the colours of similar mass galaxies at 0.4 < z < 1.
The right panel of Figure 10 shows the correlation between colour and local density for galaxies in the low and high stellar mass quartile. A clear colour offset between lowand high-mass galaxies of ∆(U − B) ∼ 0.2 − 0.3 mag is present at all densities. Interestingly, there is a trend that mean colours of galaxies in the high-mass quartile are bluer at higher overdensities (log (1 + δ3) > 0.5) than at low and average local densities. For galaxies in the low-mass quartile we do not see a strong correlation between colour and local density. Combined with the results of the colour-density relation in Figure 7 , this would point towards high-mass galaxies being responsible for the higher fraction of blue galaxies at the highest overdensities. Note however that the RMS scatter between the single Monte Carlo simulations is larger than the decrease in colour. This large spread is due to the low numbers of objects at the highest overdensities (33 galaxies at log (1 + δ3) > 0.8. The colour difference between the GNS data-points and the z < 1 data-points from G10 is mainly due to the differences in the stellar mass distribution in the two surveys, leading to different limits of the low and high quartiles. The GNS reaches much lower stellar masses down to log M * ∼ 9.5, whereas the completeness limit of the POWIR survey is log M * ∼ 10.25. Additionally, Figure 11 . Environments of most massive galaxies (log M * > 11). Left panel: local density log (1 + δ 3 ) for the full sample (blue open circles) and the most massive galaxies (red dots) as a function of redshift. Right panel: effective radii in kpc as a function of relative overdensity log (1 + δ 3 ).
the G10 sample has a larger number of high mass galaxies with log M * > 11 than the GNS sample, leading to redder average colours, as expected from the colour-mass relation.
If the colour-density relation we see for high-mass galaxies is real, then it is reversed with respect to what is found at lower and intermediate redshifts up to z ∼ 0.85, where galaxies in higher local densities tend to be redder (see e.g.. Kauffmann et al. 2004; Patel et al. 2009; Grützbauch et al. 2010) . Figure 10 shows that the high and low mass quartiles of the G10 sample (up to z ∼ 1) show a weak correlation between colour and local density, such that the average colour increases with higher local density. On the other hand, it was argued by some studies that the colour-density relation and colour-SFR relation at z ∼ 1 might be reversed (Elbaz et al. 2007; Cooper et al. 2008) . Note, however, that Patel et al. (2009) argue that the reversed SFR-density relation (were galaxies in denser environments have higher SFRs) is mainly driven by starforming low-mass galaxies, whereas our data indicate that the reversed colour-density relation is due to on average bluer high-mass galaxies. In other worlds, we see a lack of red high-mass galaxies in regions of high relative overdensities. The on average bluer high-mass galaxies, however, are on average still redder than low-mass galaxies at comparable densities, but bluer than their high-mass counterparts at average and low local densities. Note that the bluer colour of high mass galaxies does not necessarily imply that there is more ongoing star formation in these galaxies, but that there is possibly less dust-attenuated star formation at highest overdensities. Massive galaxies in our sample show an overall very high dust content relative to low mass galaxies (Bauer et al. submitted) . The behaviour of the SFR-density relation using dust corrected star formation rates from Bauer et al. (submitted) will be investigated in a forthcoming paper.
Recently, a study of the colour-density relation at redshifts up to z ∼ 2.7 was performed by Chuter et al. (submitted) using the UKIDSS (UKIRT Infrared Deep Sky Survey) Ultra Deep Survey (UDS) data. They find that the local colour-density relation, with redder galaxies located in regions of higher local density, is present up to a redshift of z ∼ 1.75. Above this redshift the distinction between the environments of red and blue galaxies can not be confirmed at a statistically significant level. The authors also report a possible reversal of the colour-density relation at even higher redshift, however, the currently available UDS data release (DR3) does not allow for reliable conclusions at high z. The results we present in this study are consistent with extrapolating the results of Chuter et al. (submitted), suggesting a gradual disappearance of the colour density relation with redshift and a possible reversal of the colour-density relation at the most extreme overdensities at z > 1.5.
4.6
The environment of the most massive galaxies and its relation to galaxy sizes
In the following we investigate how, and if, the environments of the most massive galaxies (log M * > 11) differ from the rest of the galaxy population and if there is a correlation between local density and galaxy size. The subsample of massive galaxies for which a size measurement is available comprises 57 galaxies from the selection of massive galaxies in the GOODS fields on which the GNS pointings were centred ). The measured local densities of those galaxies are very reliable since they are in the centre of their respective pointing and should not be affected by survey edges, as discussed in Section 3. The left panel of Figure 11 plots the local densities of the massive galaxy sample (red dots) and the rest of the sample (blue circles) against redshift. A K-S test between the two subsamples shows that they are not statistically different. To examine a possible environmental effect on the sizes of massive galaxies in our sample, we use the galaxies' effective radii measured by Buitrago et al. (2008) . They argue that the measured effective radii of these massive galaxies are consistently smaller than the typical effective radii of galaxies of comparable stellar mass in the local universe. Different scenarios have been proposed to account for this size evolution, one of them being dry merging. In this scenario repeated minor merging of gas poor galaxies would not trigger the formation of new stars, but could possibly increase the size of a galaxy by dynamical friction and the injection of angular momentum (Naab et al. 2009 ). This scenario would then suggest a connection between galaxy sizes and local density, since it requires the presence of numerous companions for galaxies to grow in size. The right panel of Figure 11 shows the effective radii Re of massive galaxies as a function of their local density log (1 + δ3). A Spearman Rank correlation test finds no significant correlation between Re and local density, although all galaxies in the most underdense environments (log (1 + δ3) < −0.2) have small Re (< 3 kpc). However, due to the small number of objects in our sample this effect probably arises by chance.
The lack of a correlation between galaxy size and local density is probably due to the different effects that the environment might have on galaxies. High local densities may not only increase the size of a galaxy via minor mergers as suggested by e.g. Naab et al. (2009) . High density environments might as well tidally truncate galaxies (see e.g. Rubin et al. 1988) , although tidal truncation is most effective on low-mass galaxies. Another possibility is that the size evolution, does not occur through frequent minor merging of satellite galaxies, but through internal processes like AGN feedback (Fan et al. 2008) .
SUMMARY AND CONCLUSIONS
In this study we investigate the influence of stellar mass and local density on galaxy rest-frame colour and the fraction of blue galaxies at redshifts between 1.5 < z < 3 based on observational data from a deep HST H-band survey of unprecedented depth, the GOODS NICMOS Survey (GNS), reaching a stellar mass completeness limit of M * = 10 9.5 at z = 3. We find the following results:
1. Galaxy colour depends strongly on galaxy stellar mass at all redshifts up to z ∼ 3. The colour-stellar mass relation does not evolve with redshift below z ∼ 3. The stellar mass where the blue and red fractions cross over is roughly constant at log M * = 10.8 in the redshift range between 1.5 ≤ z ≤ 3, which is remarkably similar to the cross-over mass found at lower redshifts between 0.4 < z < 1.
2. The strong colour-stellar mass relation is very similar across all local environments and does not evolve strongly with redshift. The colour-stellar mass relation at 1.5 < z < 3 has a slope similar to the relation at lower redshift (0.4 < z < 1), which also has a larger offset in colour between low and high local densities. At the same stellar mass, massive galaxies at high redshifts (1.5 < z < 3) are bluer than at low redshifts (0.4 < z < 1), whereas the average colour of lower mass galaxies (log M * ∼ 10.5) does not vary strongly with redshift.
3. We do not find a strong influence of local environment on galaxy colours. If the colour-density relation persists at z > 1.5 it must be very weak. We determine an upper limit to the possible change in the average (U − B) colour between high and low relative densities of ∼ 0.1 magnitudes. However, the most overdense regions (∼ 5 times overdense) may be populated by a higher fraction of blue galaxies than average and underdense regions. The difference in f blue is ∼ 10%. We find possible evidence that this higher blue fractions at the most extreme overdensities could be caused by a lack of massive red galaxies at the highest local densities.
4. We do not find a significant correlation between galaxy sizes (effective radii) and relative overdensity, although we do not find any galaxies with large effective radii (Re > 3kpc) at very low densities (log (1 + δ3) < −0.2). However, this might be due to the small number of objects we find in low density environments and is probably a chance effect.
To summarise, our data suggests that stellar mass is the most important factor in determining the colours of galaxies in the early universe up to z ∼ 3. Local density might have a small additional effect, but only at the most extreme overdensities, which are populated by a higher fraction of blue galaxies. These results are consistent with studies at lower and intermediate redshift that suggest a gradual weakening of the environmental influence with higher redshift. A possible interpretation for this is that the environmental processes that alter the properties of galaxies are proceeding slowly over cosmic time. Some of the most influential high density environments like galaxy clusters are still in the process of being build-up at z > 1.5 and yet cannot change galaxy colours via e.g., ram pressure stripping or strangulation.
If the trend for higher blue fractions at the highest local densities is real, it would suggest that we are witnessing the epoch of high star formation in more massive galaxies and that the local environment contributes to this epoch by triggering SF through galaxy interactions. Note however, that the bluer colours at high local densities could as well be due to lower dust attenuation in these environments. The star formation rates of galaxies in the GNS are currently investigated by Bauer et al. (submitted) and will be the focus of a subsequent study of the relation between SFR, stellar mass and local density (Grützbauch et al., in preparation) . Future deep and wide surveys such as the UKIDSS UDS and VISTA will be better able to address the environment vs. stellar mass issue in more detail in the coming years.
